The purpose of this study was to assess the possible role of hypovolemia as a factor in the production of impaired pulmonary function in pulmonary fat embobation. I n vivo static lung compliance was measured by inflating the lungs with known volumes of air and recording the transpulmonary pressure, monitoring intraesophageal pressure as an index of intrapieural pressure. Arterial Mood was drawn from the central artery of the ear.
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Embolition was produced by the intravenous injection of homologous fat cells either as the sole experimental procedure or in conjunction with hypovolemic T he production of an animal model of fat embolism which mimics the clinical condition in its mode of production, its gross morphologic changes, and its association with pulmonary insufficiency has proved elusive. The anatomic criteria for pulmonary fat embolization are more easily producible than the concomitant defect in oxygenation which is characteristic of the clinical situation. In our laboratory the injection of olive oil ( 2 ml/ kg of body weight) has produced massive ernbolization of the lungs and a preterminal hypoxic state, but this does not reproduce the picture of progressive hypoxia seen in shock. Two types of shock were studied. In one, 20 percent of the Mood volume was removed, producing hypovolemia associated with hemodilntion, and in the other a tourniquet was applied to induce hypovolemia and hemoconcentration. The results indicate that embolization is associated with significantly greater impairment of pulmonary function if it develops on a background of shock than if it occurs in an otherwise healthy animal. These pathophysiologic findings parallel the results of a morphologic study.
the accumulation of fat in the lungs and the development of clinical fat embolism is not simply one of cause and effect, and additional factors must be sought.
In the present study an attempt has been made to emulate the situation found in human fat embolism by combining the injection of intact homologous adipose-tissue cells either with a state of hypovolemia induced by bleeding or with the production of tourniquet-induced shock. The pathologic changes encountered in the model are reported e l s e~h e r e .~ In this communication, we present the pulmonary physiologic alterations.
The study was performed on randomly bred healthy rabbits of both sexes, weighing from 1.75 to 3.65 kg, which were lightly anesthetized with intravenous administration of pentobarbital sodium. Embolization was induced with a suspension of intact fat cells produced by collagenase treatment of rabbit perirenal adipose tissue. This form of embolization mimics the clinical reality more closely than fatty emulsions. The preparation and washing of the cell suspension ensures Values for static lung compliance from these con-B Induced hypovolemia (20 percent of trols were used as a basis for comparison with the blood volume for 1 hr)
experimental animals.
C Application of arterial tourniquet
The mortality in the different groups is shown in The mean loss in compliance ranged from 12 percent F Anesthesia only (control group) procedures to which they were subjected is given in Table 1 ,
Fat cells in suspension were slowly injected intravenously to a total dose of 0.075 ml of fat cells ~e r kilogram of bodv in group E at the three study periods (7, 24, and 72
ized by hemoconcentration and diminished circulating blood hours after embolization ). Reductions in other exvolume, owing to fluid passing into and being sequestered in the ischemic limb.3 Pulmonary function was studied by measurements of static lung compliance and arterial blood gas levels. Arterial blood was taken from the central ear artery in the unanesthetized state immediately before commencement of the study, as well as at 7, 24, and 72 hours after its start. Blood gas levels and pH were measured with a standard electrode system. For compliance studies the animals were lightly anesthetized, paralyzed with gallamine hiethiodide ( 1 m a g of body weight), and ventilated with room air, using a tidal volume of 12 to 15 ml/kg, through a tracheotomy, utilizing a constantvolume respirator (Harvard). The pump rate was set to maintain the arterial carbon dioxide tension (PaC02) within physiologic limits. Transpulmonary pressure was recorded with the animal in the prone position by means of a difTerential pressure transducer (Sanborn 268 B) during inflation of the lungs with measured volumes of air. Pressure in the lower third of the intrathoracic esophagus was used as an index of intrapleural pressure. The state of inflation was held for two seconds to insure intrapulmonary pressure equilibrium. Details of the methods have been previously described.' Compliance was studied in groups A ( fat-cell injection), B ( hypovolemia ), C ( tourniquet ) , D ( hypovolemia and fatcell injection), and E (tourniquet and fat-cell injection) 24 or 72 hours after the experimental procedure, and values were compared with the controls ( group F ) studied according to the same time schedule.
Statistical comparison between the static lung complian6es of the experimental groups and the controls and of the arterial oxygen pressure (PaO2) with baseline values was made using Student's t tests. perimental groups were less marked. The PaCOz and pH were virtually unchanged in all of the groups. The lack of a good experimental model of fat embolism is an obstacle to rapid progress in our understanding of the clinical condition. Short-term experiments demonstrating impaired pulmonary function for some hours following injections of free fatty acid, even though accompanied by pathologic findings in the lungs similar to those seen in patients dying from fat e m b~l i s m ,~.~ do not reproduce the time course of the clinical entity, which is characteristically manifest by 24 to 48 hours after injury. Furthermore, the experimental models produced by injections of free fatty acid or fat emulsions differ from the clinical condition seen in patients in that the element of trauma is lacking as an etiologic factor. The importance of trauma or hypovolernia in this context is borne out by the &st part of this study,2 in which removal of 20 percent of the estimated blood volume or the application of an arterial tourniquet markedly increased the incidence and severity of pulmonary pathologic changes following the injection of fat cells. The data presented here show that the combination of tourniquet-induced shock and the injection of fat cells was associated with significantly greater impairment of Pa02 and reduction of static lung compliance than the injection of fat cells alone. Thus, assessment of the animal model from the physiologic, as well as the morphologic, standpoint reveals a picture in which the essential stigmata of fat embolism are present to an important degree only when the injection of fat cells is associated with hypovolemia. The impaired pulmonary function is clearly attributable to and in accordance with the posimortem findings which we have previously r e p~r t e d .~ In keeping with the widely accepted postulate of Peltier,8 and Armstrong et a l g it would seem likely that the fat cells used to produce embolization in our study were disrupted after being trapped in the lungs and that the released triglycerides underwent hydrolysis. The toxic effect of the locally liberated free fatty acids includes an impairment of surfactant activity resulting from a local toxic effect,1° and this would certainly contribute to reduced lung compliance and arterial oxygen desaturation. Ashbaugh and Uzawa6 compared dynamic compliance following experimental embolization of free fatty acids in dogs with static values obtained on the same lungs after they had been excised. While the static compliance studies carried out post mortem showed reductions of the same order of magnitude as those which we report during life, the loss of dynamic compliance was very much greater. This divergence is attributable to the increased airway resistance which is undoubtedly reflected in the studies of dynamic compliance.
Widespread pulmonary intravascular coagulation has been reported as an important feature of our experimental model,2 as well as of clinical fat embolism." It seems likely that the fatty acids disrupt the pulmonary capillary endothelium7 and that large numbers of platelets accumulate and disintegrate, releasing platelet amines and leading to perivascular edema and bronchospasm. Thus, the coagulopathy would contribute to a loss of static and dynamic compliance.
The critical role of reductions of blood volume in the evolution of fat embolism has been noted by Fuchsig and tant is the role of the elevated serum level of free fatty acids, which constitutes a portion of the complex multisystem reaction to different forms of injury13 and which is triggered by catecholamine release.I4 The response of free fatty acids to epinephrine administration has been shown by Shafrir and SteinbergI5 to be abolished by adrenalectomy or hypophysectomy. Furthermore, Monk and colleagues16 recently demonstrated that reserpine administration prior to experimental fat embolization has a protective effect on the lung and alleviates the development of arterial hypoxia. These observations and our own experimental findings suggest that the intense sympathetic stimulation, which may be induced by acute blood loss and other forms of clinical or experimental trauma, plays a vital role in the evolution of fat embolism.
Recently, Reidbordl7 studied the pulmonary reactions to autogenous fat emboli by electron microscopic and histochemical techniques. The characteristic diffuse hemorrhagic pneumonia seen in fatal fat embolism was absent, although infiltration of histiocytes and alteration of the alveolar epithelium and pulmonary endothelium were present. We consider it doubtful that the lysis of embolic fat could liberate the quantities of fatty acids necessary to produce clinical fat embolism. Perhaps, then, the importance of the combination of fat emboli and hypovolemic stress is that each entity separately resulted in release of free fatty acids, one locally from the emboli lodged in the blood vessel, and the other by hormonal activation of the adipose-tissue stores. The result would be additive, so that the pulmonary tissue would be exposed to toxic quantities of free fatty acids, which are known to induce severe and In a laboratory model of fat embolism in rabbits, the intravenous injection of a suspension of hornole gous fat cells led to moderate reduction in static lung compliance and PaOz. When the embolization was superimposed on a state of hypovolemia, there was an intensification of the disturbance in these factors, both in regard to the degree of the reductions and their duration.
